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praxes dicclmwcf, or rcpreccnts that itn ucc would nol infringe privately owed rights. Refcr-

cncc herein 10 nny npccific mmmcrcinl prmiuct, procmc, or ccrvirn by trade rmme, trod :mark,

mnrmfncturcr, or otherwise dca nol nccaorily constitute or imply iin endorcamont, recom-

mendation, or favoring by the United SIBICS (hvcrnmcnt or ~ny agency thereof, The vicwa

and opinionn nf nuthnrs c~prcccad herein do not ncc.cscarily SIBIC or rcflca thwcc of the

lJnitcd SIUICM Govcrnmw,t or uny ugcncy !hcrcof.

Abstract

A sliort theoretical revfew of tile weak interaction is presented with

particular emphasfs on the implications to normal and rare muon decay

prucesses. Tl)fs revfew addresses the standard theory, left-rfgl]t symmetric

thcorfes, tl)eories ;ith horizontal synrnetrfes, tIItd composite models. A survey

of experiments currentlj fn progress to study both rare and normal muon decays

is then presented wfth particular cmphasls on the Los Alamos high statistics

muon decay experiment and fts implications for left-right symnetrfc theories.



1. INTRODUCTION

The muon has contributed greatly to our understanding of the nature of

the weak interaction since its discovery in 1938 by Anderson and Neddermeyer.

Early searches for decays like v + ey and u + ee~ provided some of the evidence

for the existence of what is now referred to as lepton flavor conservation.

Furthermore, the measurement of the electron energy spectrum and angular dis-

tribution from ordinary muon decay, P + e~e~p, is one of the most fundamental

in particle physics in that it is the best way to determine the constants of

the weak interaction. These studies have led to limits on the V-A charactel-

ot the theory. In recent years with the advent of the idea that the theories

of nature are described by renonnalizable qauge theories, the questions of

lepton flavor violation and the exact nature of the weak interaction have

taken on even greater importance. Consequently, experiments that search fol

possible rare decay modes of the muon and measurement of the normal decay mode

to even greater precision have been mounted throughout the world. In this

talk I will give a brief de~cription of some of the mcdern theoretical ideas

that have been put forward to help unify our understanding of particle pl)ysic:;

and describe what muon decays have to say about these theories. I will,

because of time constraints, limit this discussion to the standard tll?olj of

electroweah interactions (the ldeinberg-Glashow-Salfim theory), left-right

sy!mnetric theories, theories that have horizontal synwnetries, and composite

models. The majority of the talk will then be devoted to a description of

vdrious experiments tl)at have been mounted to studj muon decays--both rare

decay mode searclies snd normal decay mode studies.
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11. MODELS OF THE ELECTROWEAK INTERACTION

A. The Standard Theory

The spectrum of ordinlry muon decay may be ~recisely calculated from the

presently accepted “standard theory,” the Weinberg-Glashow-Salam theory,i of

electroweak interactions. In this theory, the neutrinos are two-cortiponentand

massless and the only interactions that enter are vector and axial vector, of

equal

istic

magnitude and opposite sign, V-A. The theory also has the character-

that lepton flavor conservation is exact.

The V-A Lorentz structure of the weak interaction can be tested by

precise measurements of the electron spectrum from ordinary muon decay. The

spectrum is characterized (to first order in m /me ~ and integrated over

the positron polarization) by2

dN ‘e (1-y)
“ (3-2x) + ($-1) (4x-3) + 12~—2– n

X2 dx d(cos Q) x

“h[(2X-1) + ($5-1) (4X-3)J @p cos~

where me Is tl]epositron r,,ass,9 is tile angle of emission Of tlie positron wittl

respect to the muon polarizat.io~l vectorJ F]js ~~ is the rnu~l~ mass, and x Is the

reduced positron energy (x m 2C/~ wl~ereE is the positron energy). TiieMlchel

pat-meters r),n. T,,and 6 characterize tilespectrum. The standard theury

predlctsz

4,Lml,andr~=11.f)m A d?

One can also measure tt)e average ‘longitudinal polarization ot. tl~e positron,

<P > ❑ 1+’,L and the parameters u and 9, as well as, u’ and P’ that characterize,
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respectively PT2 and pT2. the two transverse Components of the positron

polarization. (See Fig. 1 for a definition of these polarization components. 3)

Table I gives the current world average values for these parameters. Derenzob

has used these data for P, n, E, and 6 to PlaCe limits on the weak. interaction

coupling ccnstuntso The result of this analysis is shown in Table II. As can

be seen from the table, the current limits on the Lorentz structure of the

weak interaction allows up to 30% admixture of something other that; a pure V-A

structure. A more recent but somewhat more mcdel-dependent analysis of the

Lorentz structure has recently been carried out by bhrsula, et al.,5 and tl]ey——

have set the limits on the non-(V-A) structure at about 10%.

As stated earlier tt?e standard model has as one of its characterist~cs

the exact ccnservat.ion of lepton flavor. However, a minimal extension of tile

standard model earl be made by introducing neutral leptons NP and Ne that

coupie ‘to the muon and electron weak currents and that are themselves

Cabibbo-llke mixtures of nondegenerate mass eigenstates N1 and N2,

NP = N1 cos 0+ N2 sln 8

NC= -N1 sln G + N? cos O.

In this case, p + ey would be possible and its branching ratio, with

respect to ordinary muon decay, would be approximately given by6

where Mu is the mass of the cl~arged intermediate vector boson, k. lf tile

brancl~ing ratio Is found to be ~ 10-]2 (about the best attainable ltmit
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of currently planned experiments) and if 0 is of the order of the Cabibbo

angle, it would indicate that

M2
1
- M; % 5 GeV2

and this in turn would reply that there exist neutral eptons much heavier

than the associated charged leptons. By turning the argument around, the

current upper limit of

B (p+ ey) < 1.7 x 10-10 (90% confidence)

says that 15< 10””3. Along these lines, Shrock7 has carried out a study to

detenn!ne what can be learned about

processes as well as ordinary muon

processes can set important limits,

come from K-decay studies.

such neutrino mixing from rare muon decay

decays. He has shown that though these

the best limits on neutrino mixing will

B. Left-i?ight

One of the

Sytmnetric Theories

extensions of the standard theory of electroweak Interactions

is a theory of manifest left-rfght synwnetry.a’g Here the mass eigenstates of

the charged bosons,
‘1 and ‘2’

are expressed in terms of the electroweak

fields, WL and WR, as

‘1
=WLcos C- WRs~nC

W2 = WL sin C + WRcos L.

This extension is important from a theoretical standpoint for several

reasons. Firstly, it restores parity conservation as a higl)-energy synmnetry

of weak interactions. It also says that the observed parity violation in weak

processes IS a low energy phenomenon of spontaneous symmetry breakdown wl]erein

tilemass of the right-handed boson is much larger than that of tl]eleft-handed

boson. Riazuddin, Marshak, and Mollapatra1° have also shown that though
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reasonable extensions of the standard theory can accormrodate one Dirac or

Majorana neutrino of arbftrary mass per lepton generation, a left-right

syrmnetric theory predicts two Majorana neutrinos In each generation.

Furthermore, a natu:al consequence of this symnetry is that one of the

neutrinos will be light, ~ 1 eV, and predominately couple to the ‘L, and

the other neutrino will be more massive, > 100 GeV, and predominately

coupled to the UR. This type of neutrino structure would be indicated if

neutrinos will light, ‘W 1 eV, and predominately coupled to the WL, and the

other neutrino will be more massive, > 100 GeV, aridpredominately coupled to

the WR. This type of neutrino structure would be indicated if neutrino-less

double beta decay were observed or if P- + A(Z) + e+ + A(Z-2) were observed.

From a phenomo~ogical view point. one is then interested in placing

limits on the quantities L and K ~ [M(W1)/M(W2)]2. The dominance

of the left-handed current at presently accessib-le energies would be due to a

large mass WR but one such that the WL - Wp mass splitting is small on

the grand unification scale. A purely left-handed effective interaction would

have~=L=O. This model tlas been studied by Bege et al- and expanded by

by Holstein and Treimon.g The best llmits on these quantities come from a

study of normal muon decay and nucleon B decay. Figure 2 shows the

currently allowed limits on these quantities. Note that the most restrictive

limit comes from the very recently published results of Mark Strovink’s groupl]

WI)Omeasured the quantity LPP6/P J 0.9959 to 90% confidence. Figure 2 shows

that for M(WR) - ‘, ICI < 0.045 and It S?OWS that for any mixing angle,

M(WR) z 380 GeV. On the other hand, Bean, Bander, and Sonl~2 have used a more

rncde-~-dependentanalysis of the KL - Kj mass tiifference tu SPOW that M(WR) must

must be greater than about 1.6 TeV.
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Before leavlng this subject, I would like to point out that 0ka13 has

demonstrated that data from the AS = 1 semileptonic hyperon decays are

inconsistent with the Cabibbo model. He then shows that the discrepancy may be

accounted for in a left-right syrrnetric gauge theory and this discrepancy has

been taken as a possible indication of right-handed currents.

c. Horizontal Gauge Theories

One of the shortcomings of the standard theory is that it does nothing

to explain what has Decome known as the generation problem. That to say,

within the standard SU(3)C x SU(Z)L x U(l )Y theory there is no obvious

reason for the existence of the three famines of quarks and leptons that are

currently observed. One of the explanations put forward is that some weak

“horizontal,” i.e. between generations, force exists that requires the presence

of several fermionic generations. lk Such a force would have horizontal

gauge bosons that have large masses compared to the those of the “vertical”

gauge bosons, the W and the ?. From a qualitative point of view, these

horizontal interactions would cause flavor mixing contributions to be present

in normal muon decay. They would also contribute to lepton flavor violating

processes llke IJ+ ee~ and K + WVS. Montvayl” has done a study

that muon-, tau-, and K-decay exp~rlmer,:~ have placed on such

of ttielimits

tt~eorles. He

l~asshown that If the coupling strength is equal tO the Uelnberg-Gl ashow-Salam

strength, then tile mass of the gauge boson must be at least 1(IMW~ 1 TeV,

or ‘he m{xing anglts must Le unnaturally small. Consequently, though

horizontal synmletrles may only contribute to normal muon decay at the level of

10””, the,y may still be important in rare decay processes. Montvay then

cuncludes that the mcst optimistic view favoring horizontal gauge sytmnetrles
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is that the lack of positive evidence on horizontal weak interactions is due

to the lightest horizontal gauge bosons acting mainly on the second and third

generation fennions. Stronger limlts on lepton flavor violating Interactions

could put further constraints on these theories.

D. Composite Theories

An ~ttempt has also been made to try to explain tne generation problem

by sayin~ that the various fennionic families are excited states of more

fundamental spin-1/2 and spin-O particles. In such theories, processes like

P +eyandv+eyy would be akin to one-photon and two-photon decays

of the excited hydrogen atom. One is then faced with the questions

rate for such decays is so small and why the electron and muon

magnetic moments shown by the precision (g-’2) Meas”rerlleflts,

of why the

have Dirac

The latter

question has been answered by showing that tt,~ present (g-2) experirlmt is

compatible with composite systems where the constituent particles have large

masses (> 107 Ge\’). Tomozawals has carried out an analysis ~f the rare

decay modes p + ey and P + eyy and shown that the current limits on

tl~ese rare decays would be compatible with a lower bound on the constituent

particle masses of M J 109 GeV. One is then forced to fi~d a satisfactory

metl~od of explaining the smallness of the mass scale of the observed particle

spectra arising from a much larger mass scale of a comp~slte system,

111. MIJUIJDECAY EXPERIMEI!TS

I will devote tl~e rest of this talk to a discussion of the currently

planned or recently comp”

will be a discussion of

normal decay experiments.

eted experiments on muon decay.

rare decay experim~nts followed

The first sect’

by & d{scusslon

on

of
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A. Rare Decay Experiments

Table III shows the current world upper limits for three rare decay

modes and two lepton flavor violating muon conversion processes. As can be

seen in the table, there is considerable interest at the world’s three mesorl

factories in improving the limits on these muon processes.

In the next talk Darriigh Nagle will be describing the Crystal Box

experiment. This is a detector that consists of a box of NaI(TL) crystals

that determines the energy and positiun of neutral and charged particle

showers. It has an eight plane cylindrical drift chamber in the center for

charged particle track position measurements. This experiment will be running

soon and they will be simultaneously searching for the decays

P + eei, P + ey, and P + eyy. As I said earlier, Dr. Nagle w~ll give more

details on the detector in the next talk.

The TRIUMF TPC experiment, which is currently underway, will be described

by Dr. Gotow. Tnis experiment, which is a search for the muon cofrversion

process P-A + e-A and which has collabor~tors from here at VPI, uses a

Time Projection Chamber (TPC) to measure the electron momentum. The muon

conversion target is located at the center of the TPC. Inside the TPC there

are an inner cylindrical proportional chamber and a scintillator, and outside

there are scintillators and planar proportional chambers. Tne magnetic field

setting is such that the TPC does not detect the positrons from normal muon

decay that have an end-point energy of 52.8 MeV. Instead the trigger requires

that a high energy part~cle be seen. This group is presenting new data on

upper “limits for muon conversion proc~sses at the Division of Particles and

Fields meeting later this week.
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The SINDRUM experiment, which is now running so nc one from that group

come to describe It, will start by searching for p + ee;. This experi-

which fs shown pictorially In Fig. 3, will ultimately consist of five

concentric multiwire proportional chambers inside a solenoidal magnetic field.

A hodoscope outside the last wire chamber plane is used for triggering. At

this time they have four working wire cha~er planes and have attained 6 MeV

resolution on the invarient mass, with a solid angle for tl)edetector close to

50%. Future e~periments have been considered for the detector to study TI

decays as well as other rare decay modes of the muon.

The LAMPF-Yale muon conversion experiment will look for muon conversions

in a target inside a superconducting solenoidal magnet. The conversion

electron will be detected by a TpC-like read-out plane. I have recently been

told that the magnet is currently being wound and a prototype read-out plane

is being tested. This experiment will not be ready for at least two years.

B. Normal Muon Decay Experiments

Table IV shows the current and anticipated errors from experiments tnat

have been mounted to study ordinary muon decays. The res~lts for the experi-

ment Ly Dr. Strovink’s groupll have been recently published.

91)”spectrometer to determine the shape of the positron spectrum

emitted in the backward direction with respect to the muon’s

They used a

for positrons

polarization

vector. The rate at che end-point would vanish tf tht’ci~caywere described by

pure V-A Michel parameters. They obtained ~ 9071 Ilpper confidence limit

cPB6/p > ().9959. If one assumes 6 = p = 3/4, the error shown in Table IV is

obtained. As previously stated, it IS this experiment that t)as been used to

place tl)e strongest model independent limlts on the left-right Synnetric

models f w the weak interaction.
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The TRIUMF experiment #134j176, headed

focusing solenoid to measure a narrow window of

by Ken Crowe, uses a short-

positron momentum. By varying

the magnetic field settings they dete~ine the momentum spectrum. .The eWeri-

rnent was orginally designed to measure the q parameter; however, the

spectrometer can be adapted to determine LPP, in a method similar to a

muon spin rotation detector by processing the v+ spin around the axis of

the solenoid.

Figure 4 shows the apparatus for the Los Alamos TPC muon decay

experiment. The major component of the detector is a TPC. The magnetic field

of the TPC is provided by an iron enclosed solenoid. Currently, the maximum

obtainable magnetic field is just over 5.6 kG. This field has been carefullY

measured and found to be uniform to better

sensitive volume of 52 cm in length by 122 cm

enougil to make momentum measurements of tht

than 0.6% within the entire TPC

in diameter and this is accurate

decay positrons absolutely. The

TPC readout plane consists of 21 identical modules each of which has 15 sense

wires and 255 pads arranged under the sense wires in rows of 17 pads each.

The 21 modules are arranged so as to cover most of the 122-cm diameter area of

the chamber.

The muons for ;he experiment are from a surface beam. These are muons

derived from pions decaying at rest on the surface of the LAMPF A2 primary

production target. They have a momentum of 23 MeV/c and the beam line is

tuned to that momentum. The

extends through the magnet

Before entering the chamber,

serves as a muon detector.1~

entrance to the TPC is vla a 2-in. beam pipe that

pole parallel to tile magnetic field d+rection.

the mu~ns pass through a lC-mil scintillator that

The scintillator is viewed, via fiber optic light

guides, by two photomdltiplier tubes located ou~slde the magnet. The

thresholds for the photornultipliers are adjllsted to produce a coincidence for

tilemore heavily io~{zing muons and ignore the minimum ionizing beam positrons.
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A deflector/separator is located in the beam line 2 m upstream of the

magnet. It produces a region of crossed electric antimagnetic fields through

which the beam passes. This device acts firstly as a separator.

is necessary because the beam has about 200 positrons for every

proper choice of electric and magnetic fields, a final muon tc

of about 3:2 is obtained. The second function for the device is

This function

muon. By the

positron ratio

as a deflector

to keep additional particles from entering the chamber once a muon is inside.

This is accomplished by turni~g off the electric field when a muon enters the

detector. Thus, by a proper choice of beam intensity, only ~ne muon is

allowed to enter the TPC at a time.

An event trigger requires that une muon enters the TPC during the LAMPF

beam gate and stops in the central 10 cm of the drift region. The entering

muon is detected by a coincidence f~om the photomultipliers attached to the

10--mil scintillat.or. This signal is used to operate the deflector. It also

is put in delayed coincidence with a higl) level threshold signal from any of

the central wires of the TPC within a gate whos~ width and delay correspond ~o

the drift time from the central 10 cm of tileTPC. If no delayed coincidence

occurs, indicating that the muon did not penetrate far enough int~ the TPC, or

a high level output is detected before the delayed gate, indicating tilat a

muon penetrated too far, the

is rejected, all electronics

another attvmpt at a muon

event is rejected by the trigger. If the event

are reset and the beam is turned back on for

stop after ?50

complete clearing of all tracks in the TPC).

second muon enters the TPC during the 200-ns

off the deflector/separator electric field.

IIS has elapsed (to allow for

Ttle event is also rejected if a

period that is required :~ turn

If ttie event is-accepted, tiie

computer then reads 20-us worth of stored data. This corresponds to tl~c

9-11s drift time tl]at it takes for a track to drift the full length of tile

TPC plus five muon decay lifetimes.
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‘fhe experiment will collect about 10° muon decay events at a trigger

rate of 120 events p?r second. Analysis of test data shows that for events

comprising approximately 30% of all triggers, the momentm resolution AP/P

is 0.7% averaged over the entire spectrum. Work is currently underway to

improve upon the acceptance as well as the resolution. Our fir:;t full data-

taking run will be late this fall.

Ultimately this e~periment will be able to improve upon all four of the

Michel parameters shown in Table IV, but for now the major effort will be to

obtain the indicated precison on p. In the context of left,-right synrnetric

theories, an improved measurement of P will place a new limit upon the

allowed mixing angle between WR and ML almost independent of the mass of

the WR. Figure 6, which Lnows the currently allowed values for c and K,

including the new result from Strovink’s measurement, shows what limit upon c

will be obtained from the anticipated measurement of P to the precision give in

Table IV.

The last experiment I will d~scribe is the SIN positron polarization

experiment. This is a measurement of the average longitudinal p~sitron

polarization,
‘PL> ‘

and the two transverse polarization components,

‘T1 and ‘r2
of the positron in ordinary muon decay. The experiment will

be described in more detail by Dr. Gerber,

the positron polarization by measuring the

and positron annihilation in flight. The

but I will just say that It detects

assyrmnetries from Bhabha scattering

experiment, wl~ich has just recently

been completed, has done the first measurements of the transverse l~olarlzation

components and provided tliedata given in Tables I and IV.
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Table I. Normal muon decay parameters. The V-A predicted values as well as
th@ current world average measured values are given.

V-A
Parameter Value World Average

P 3/4

n o

c 1

6 3/4

a/A o

a’/A G

13/A o

fl’/A (1

0.752 t 0.003

-o.12i 0.21

0.972 f 0.014

> o.9959a

0.755 + 0.008

0.16 t 0.12

0.14 f 0.14

-0.057 ~ 0.057

-0.049 t ().057

a If the V-A values for ~1 = p M 3/4 are used. The value given Is a 90L-
confidence lower limit.

------,—.— —-— —.— —— .— ——— .-.-—.. ... . . -—-— —
.—--- —. —. -.—— — - -— -———— ——-— .— ,-—-— -—. .-—--
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Table II. Limits on the weak interaction coupling constants. These limits

were a~’terminedby the technique due to Dorenzo+ and using the world average

values for p, n, L, and 6 given in Table I.

Coupling Constant Limit

Axial Vector 0.76< gA < 1.20

Tensor gT < 0.28

Scaler g~ < 0.33

Pseudoscaler 9P < 0.33

Vector-Axial $VA = 180” t 15°

Vector Phase

—— — ——
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Table III. Lepton flavor viulating muon processes. The table ShOWS the upper

Ifmlts established by previous experiments and the approximate sensitivity of

currently running experiments or accepted proposals.

Mode p+ey p+eee v+eyy IJ-A+e-A v-A(Z)+e+A(Z-2)

(sulphur) (Iodine)

World Upper Limits <1.7xlo-10 <1.9X10-9 <8m4x10-g <~xlo-11 <3X10-10

Crystal Box (1984) <1,2X1O-1’ <7x~c)-12 ~5.5xlo-’2
(Hoffman/Mati s/Bownan)

Los Alamos/

Chicago/Stanford

SIMJRUM (1984)

(Walter)

SIN/ETH/

ZUNICH/CALTECH

LAMPF P?Y1]( 1986) n!l~-lz

(Bowman/Hofstadter)

Los Alatwos/

Chicago/Stanford

TRIUMF TPC (1984)

(Hryman)

TRIUMF/YPI&SU/

Chicago/Victoria/

UUC/Montredl/

Carleton/hlRC/

Los Alamos

%1(.)-‘‘LAfW1’-Yale (191Jb)

(Huglies)
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Table IV. Experiments in progress to measure normal muon decay parameters.

The table gives the errors on the current world average measurements of the

Michel parameters and shows the statistical errors expected from currently

running experiments. (TRIUMF #?85 has been completed recently and their true

error is given.)

— .— —.—

Parameter World Average Los Alamos TPC TRIUMF #l34/176 TRIUMF #185
(,~zde\*son/Kir~nison) (Crowe ) (Strovink)
Los A’lames/Chicago/ Berkeley /UC?C Berkeley/

NRC UBC

. ——

P 0.0026 0.00023

1) 0.21 0.006

00066

0.012

6 0.009

<()*1

<O*no5 0.0018

— —
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Figure Captions

1. Definition of polarization vectors. ~ is the longitudinal polarization
of the electron, PT1 is the transvers&polarization in the plane fornwd
by the muon spin and electron polarization, and pT2 Is perpendicular to
that plane.

2. The experimental 90% confidence limits on the mixing angle, L, and the
mass squared ratio, K=Lli(Wl)/M(U2)J2, characterizing right-handed currents
in a possible left-right syrmnetric theory of electroweak interactions.
The curves are based upon CPV as given in Tablf I (dotted curve), the most
recent measurement of KP of Strovink, et al. (dot-dashed curve), Fermi-
Teller and Fermi f!polar~zations (dashe~iu~ve--see Ref. 9), current world
average value for P (solid curves), and the anticipated limits of P from
the Los Alamos TPC exoerimetlt(bold solid lines).

3. A pictorial diagram of the SINJRUM apparatus showing a P + ee~ event.

4. A pictorial diagram of the Los Alamos TPC muon decay experiment.
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